I. INTRODUCTION
Micro/nano manipulation mainly refers to manipulating micro-objects for different assembly and fabrication tasks. [1] [2] [3] [4] [5] [6] For micro/nano manipulation, the manipulated objects usually have very small sizes, typically ranging from 1 μm to 1 mm, and are difficult to handle. Hence, microgrippers with high precision and dexterity are essential for micro/nano manipulation. The dexterity implies that an efficient microgripper should possess the capacity to implement complex manipulations especially for microassembly process, which mainly encompasses picking, grasping, moving, and inserting minute objects to obtain a miniature system steadily without any damages. 7 Different implementations of microgrippers have been reported. [8] [9] [10] [11] Of them, the flexure-based microgrippers provides great potential towards ultimately realizing high precision manipulation due to the inherent merits of flexure hinges. 12 For the flexure-based microgrippers, research attentions have been focused on three main issues, namely, micromanufacturing technologies, actuation techniques, and mechanical structures here to be considered. [13] [14] [15] [16] [17] [18] The development of new micro-manufacturing technologies such as wire electrical discharge machining (WEDM), surface, bulk and laser machining have advanced the micrograsping technique, and further enable the miniature, compact, and efficient microgripper to be realized. It is well known that the resolution and positioning accuracy of end-effectors mainly depend on the source of actuation. Various microgrippers with different actuation techniques have been developed, including electromagnetic, electrothermal, piezoelectric, electrostatic actuaa) Author to whom correspondence should be addressed. Electronic mail:
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tions, etc. [19] [20] [21] [22] [23] Further, the microgrippers driven by piezoelectric actuators (PZTs) have been widely adopted to implement high precision grasping manipulation due to the inherent advantages of piezoelectric actuator in comparison with other actuators. However, the output motion of piezoelectric actuator is relatively small (typically about 10 μm-20 μm) and at most 1‰ of the length of piezoelectric actuator. In order to overcome this problem, displacement amplification mechanisms are usually employed. In addition, the closed-loop control can be utilized to eliminate the hysteresis and creep behaviors of piezoelectric actuator and to further improve the positioning accuracy. [24] [25] [26] Recently, a number of piezo-actuated microgrippers have been developed and widely utilized in micro/nano manipulation tasks. Nah and Zhong 27 presented a flexure-based microgripper with a small displacement amplification ratio of 3.0 and a maximum stroke of 170 μm, where a long piezoelectric actuator with the length of 91 mm and output displacement of 60 μm was employed. Zubir et al. 28 developed a hybrid flexure-based microgripper integrating the corner-filleted flexure hinge and bias spring structure. A maximum output displacement of 25 μm and a displacement amplification ratio of 3.68 were achieved. Salim et al. 29 described a new piezoactuated microgripper based on the UV-lithographic process in the microstructurable and photosensitive glass. Glass microstructures were utilized as solid state hinges of the microgripper. Experiments have demonstrated that a grasping-jaw deflection of about 75 μm without grasping forces can be obtained under the applied voltage of 100 V. Haddab et al. 30 designed a microgripper using smart piezoelectric actuators. The dynamic model for the piezoelectric unimorphs has been developed, and the performance of the microgripper has been experimentally investigated.
However, most of the reported microgrippers have a small displacement amplification ratio, thus confining the jaw displacement for various sized micro-objects. In addition, in many special situations, the limited manipulation space further restricts the geometrical properties of microgrippers particularly the length, width, and thickness. This will adversely decrease the jaw displacement to a great extent. Thus, in order to solve the above problems, a miniature microgripper with large amplification ratio is needed. Furthermore, in the applications of flexure-based mechanisms, the most widely used flexure hinges are right circular, corner-filleted, and elliptical flexure hinge type, respectively. [31] [32] [33] [34] Compared with other two flexure hinges, right circular flexure hinge has better rotational accuracy and repeatability due to the smaller drift of rotational center. 35, 36 In this light, it is the best choice as the revolute joint for mechanical structure design of the microgripper.
In this paper, a novel piezo-actuated flexure-based microgripper is presented. The microgripper is constructed with double amplification mechanisms driven by piezoelectric actuator to achieve a large jaw displacement and high grasping accuracy. Based on the configuration of the developed microgripper, the kinematic model is developed, which establishes the relationships between the inputs (displacement and force) and outputs (displacement and force). The dynamic model considering the influence of piezoelectric actuator is also developed using the pseudo rigid body model (PRBM) approach. Subsequently, finite element analysis (FEA) is conducted to evaluate the performance and validate the established models to further refine the geometrical parameters of particularly flexure hinges. Finally, the microgripper prototype is fabricated for performance tests, and the actual grasping manipulation is performed to demonstrate its considerable potential for the applications in handling various sized microobjects.
II. MECHANICAL DESIGN
The novel flexure-based microgripper is shown in Fig. 1 . The entire system consists of a PZT, a motion transmission mechanism, a pair of grasping jaws, and a base. In order to guarantee the geometrical accuracy of flexure hinges, the microgripper is fabricated using the WEDM technique. A piezoelectric actuator is fixed to the stationary base and located against the input terminal of the microgripper. The microgripper is designed symmetrically along the longitudinal axis of piezoelectric actuator to avoid shear force and bending torque acting on the piezoelectric actuator. The grasping jaws can implement closed and open operations with the aid of the expansion and retraction motions of the piezoelectric actuator, respectively.
Each grasping jaw is connected to the stationary base through two sets of serial right circular flexure hinges. They are composed of a leverage mechanism (DEF) integrated within a parallelogram mechanism (EFGH) and a ScottRussell mechanism (OABC), which are connected by two flexure hinges of the connecting linkage CD. With this mechanism layout, the microgripper can generate a large jaw displacement under a small displacement of the actuator. In ad- dition, the parallelogram mechanisms will ensure the parallel movement of the grasping jaws, thus avoiding the slippage of unstructured micro-objects associated with other two grasping manners, namely, angular and vacuum suction grasping manners. [37] [38] [39] The preload on the piezoelectric actuator is provided by tightening the screw behind the actuator. In order to prevent the undesirable rotation and end damage of piezoelectric actuator from the preload screw, a shim with suitable thickness is placed between the actuator and the preload screw.
The piezoelectric actuator (model: AE0505D16F, from Thorlabs, Inc.) adopted in the developed microgripper can generate a nominal displacement of up to 17.4 μm at the maximum drive voltage of 150 V, and can provide a maximum driving force of 850 N. The normal drive voltage for continuous operation is between 0 and 100 V. The actual output displacement of piezoelectric actuator mainly depends on the stiffness of flexure hinges and the magnitude of preload force due to the finite stiffness of piezoelectric actuator. In this case, the larger the stiffness of flexure hinges and preload force, the smaller the output displacement of piezoelectric actuator. Conversely, the smaller preload force will affect the contact condition between the piezoelectric actuator and the input terminal of the microgripper, adversely resulting in the degrading of grasping accuracy especially in the high-bandwidth motion. Thus, the design of flexure hinges and a suitable preload are very crucial for the development of the flexurebased microgripper.
III. MODELING AND ANALYSIS

A. Kinematic modeling
According to the PRBM approach, from the kinematic point of view, each flexure hinge can be equivalent to an ideal single-axis revolute joint with a torsional spring. 40 During the kinematic analysis, the drift of the rotational centers and the stiffness of flexure hinges are not taken into consideration, and the linkages connected by flexure hinges are considered as rigid bodies. Due to the symmetrical configuration, only half of the flexure-based microgripper is considered, and the kinematic model is shown in Fig. 2 , where i (i = O, A,. . . , H) denotes the rotational centers of flexure hinges. In addition, it should be noted that the Scott-Russell mechanism is a mechanism with identical length of linkages, i.e., l OB = l AB = l BC .
The fundamental structure of the microgripper is a special six-bar linkage mechanism as illustrated in Fig. 3 . The input and output displacements of the microgripper are represented by x in and x out , respectively. Thus, the theoretical displacement amplification ratio R amp of the microgripper is defined as
The instantaneous velocities of the points A and F are utilized to find the amplification ratio. The instantaneous centers of the corresponding linkages are first determined by intersecting the perpendicular lines of the velocity directions of two different points on the linkage as shown in Fig. 3 the instantaneous velocities of the points A, C, D, and F can be obtained, respectively, and given as follows:
where w 2 , w 3 , and w 4 are the instantaneous angular velocities of the linkages AC, CD, and EF, respectively. Based on the geometrical relationships of the microgripper, as the deformations of flexure hinges are very small and within the micrometer level, the displacement amplification ratio can be simplified and rewritten as
It can be seen from the linear displacement relationship of Eq. (6) that the microgripper has a constant amplification ratio only depending on the geometrical parameters a, b, d, and e, as shown in Fig. 2 .
Assuming that a small displacement x in from the piezoelectric actuator is applied to the input terminal of the microgripper, the angle increments θ 1 ∼ θ 4 of all moving linkages can be obtained as shown in Fig. 3(b) . Furthermore, the rotational angles ψ O , ψ A ∼ ψ H of the flexure hinges O, A ∼ H are separately given as follows: where negative signs of the angles indicate that the rotational motion of flexure hinge is along the clockwise direction. γ 2 is the angle made by linkages DE and EF, and satisfies
.
B. Static modeling
In this section, the static modeling of the microgripper is performed with the PRBM approach to describe the forcedeflection relationship of flexure hinges. Before the static modeling, several design requirements should be first emphasized in terms of a large jaw displacement, long-term linearity and repeatability, and manufacturing limitation as follows:
where σ a is the allowable stress of flexure hinge, σ p is the yield strength of the material, λ is an assigned safety factor (at least λ ≥ 3), and t i denotes the minimum thickness of flexure hinge. By transforming the flexure hinge into equivalent revolute joint with a torsional spring, the geometrical parameters of flexure hinge are linked to a constant torsional stiffness k. With reference to Fig. 1 , there are two flexure hinge configurations within the microgripper mainframe, namely, single-notch right circular flexure hinge from the parallelogram mechanism and double-notch right circular flexure hinge from the Scott-Russell mechanism. According to the formulation derived by Paros and Weisbord, 41 the rotational stiffness of two right circular flexure hinges can be estimated and expressed as
where r i and b are the radius and height of the ith flexure hinge, respectively, and E is the elastic modulus of the material. We assume here that all parts have identical height b. Consequently, the torque m i , generated at the rotational center of the ith flexure hinge, can be expressed as
where the negative sign indicates that the torque has the opposite direction with the rotational motion of flexure hinge. Consider the PRBM of the microgripper with external forces on the input terminal and jaw, and torques at each joint, as shown in Fig. 4 . The total virtual work of the system δW SYS can be given as
where the first term denotes the virtual work due to the input force F in generated by the piezoelectric actuator with a virtual displacement δ x in . The second term signifies the virtual work due to the output force F out from the external environment and the corresponding virtual displacement δ x out . The last term represents the virtual work caused by the torsional springs with torque m i and virtual angular deformation δ ψ i . Based on the principle of virtual work, δW SYS = 0, substituting Eqs. (6)- (11) and (17) into Eq. (18) yields the relationship among the input displacement, input force, output force, and displacement amplification ratio as
(19)
, the grasping procedure mainly consists of closing both jaws to approach and contact with the object, and firmly holding the object. Before the jaws contact with the object, if there are no external disturbances, the output force F out equals to zero and Eq. (19) can be utilized to estimate the input stiffness of the flexure-based microgripper. Subsequently, the jaws contact with the object and then are fixed due to the rigid object, thus the input and output displacements will almost no longer change but the output force, in this case, i.e., the reaction force of the grasping force, will gradually increase with the increasing input force.
In order to further evaluate the stress concentration at each flexure hinge, the reaction forces and torque of each flexure hinge have to be determined as shown in Fig. 4 . Through the static equilibrium analysis of each rigid linkage, the related equations are given as follows:
For each flexure hinge, the maximum stress occurs at the outer surface of the thinnest section and can be expressed as
C. Dynamic modeling
From the dynamic point of view, a piezoelectric actuator can be approximately equivalent to an undamped mass-spring system with a lumped mass m PZT and a linear stiffness k PZT . Due to the utilization of flexure hinges, the microgripper has negligible friction and thus almost no damping. Further, with the stiffness of flexure hinges and the inertia of moving linkages also being considered, the equivalent dynamic model of the flexure-based microgripper can be obtained as shown in Fig. 5 .
For such an undamped system, Lagrange's equation can be utilized to establish the dynamic model and calculate the 
where T and V represent the total kinetic and potential energies of the system, respectively, q i denotes the generalized coordinate, n is the number of generalized coordinates, which is equal to the degree of freedom (DOF) of the system, and F i represents the generalized nonconservative force. The developed flexure-based microgripper only has one degree of freedom, and the motion relationship of each part has been discussed in the kinematic analysis. Since the kinetic energy is given by the motions of the piezoelectric actuator and moving linkages, the total kinetic energy of the entire system is expressed as
where m in and m out are the mass of the input and output terminals of the microgripper, respectively. I OB , I AC , I CD , and I EF represent the moments of inertia of the linkages OB, AC, CD, and EF with respect to their corresponding instantaneous centers, respectively. On the other hand, the potential energy is given by the elastic deformations of the piezoelectric actuator and flexure hinges. Thus, the total potential energy of the entire system is expressed as
Combining Eqs. (2)- (6), and substituting Eqs. (31) and (32) into Eq. (30) system as follows:
where
The term 2F in represents the total input force from the piezoelectric actuator, and the term −(2ae/bd)F out the equivalent force applied to the input terminal by two output forces acting on the jaws along the opposite directions.
Thus, the natural frequency of the system can be obtained as
It is noted that in order to improve the dynamic performance of the flexure-based microgripper, the equivalent mass M should be as small as possible, while the stiffness K should maintain a large value. Furthermore, it can be seen that the stiffness of the piezoelectric actuator has significant effects on the total stiffness compared with that of flexure hinges. Thus, the utilization of piezoelectric actuator will further enable the flexure-based microgripper to achieve a high dynamic response and thus effectively isolate from the external vibration disturbances.
IV. FINITE ELEMENT ANALYSIS
In order to further refine the geometrical parameters of particularly flexure hinges and examine the performance of the flexure-based microgripper, the FEA is conducted with commercial software ANSYS. Based on the geometrical model in Fig. 2 , the finite element model is established and utilized to investigate the displacements of the jaw as well as flexure hinges and moving linkages, maximum stress concentration, stiffness, and dynamic performance, etc. The finite element model is meshed using SOLID 95, which is a threedimensional 20-node solid element. The meshes are refined at flexure hinges to guarantee the computational accuracy.
The actuation source is the displacement applied by the piezoelectric actuator on the input terminal of the flexurebased microgripper. The displacements of the jaw as well as flexure hinges and moving linkages under the input displacement of 10 μm in view of the attainable output of the employed piezoelectric actuator are shown in Fig. 6 . It is observed that a large jaw displacement of 80.4 μm can be obtained, and meanwhile the jaw strictly follows parallel trajectory, thus enabling the firm and robust grasping operation with a large range of objects. Figure 7 illustrates the corresponding stress distribution acting on the microgripper during movement. The figure suggests that the stress concentration only occurs at flexure hinges, and the maximum stress of 81.1 MPa is generated at the flexure hinge D and is far less than the yield strength (503 MPa) of the material. All computational results indicate the validity of the established design and modeling approaches.
After a few refinement procedures, the optimum parameters of flexure hinges for the Scott-Russell mechanism, t = 0.2 mm, r = 0.7 mm, b = 5 mm, the parallelogram mechanism, t = 0.2 mm, r = 1.2 mm, b = 5 mm, and the linkage connecting the above two mechanisms, t = 0.2 mm, r = 0.8 mm, b = 5 mm, are obtained. The stiffness and displacement amplification ratio plots for the input terminal subjected to input force and the grasping jaw free are provided by Fig. 8 . Due to the effect of inevitable resistance from the parallelogram mechanism on the Scott-Russell mechanism, the actual displacement amplification ratio of approximately 8.0 is smaller than the theoretical amplification ratio of 9.9 (i.e., R amp /2). Furthermore, the drift of the rotational centers of flexure hinges during movement is another reason for this difference. Thus, it can be concluded that there will be a small discrepancy between the computational and analytical force data, as shown in Fig. 8 . However, the relationships between the input force and the input displacement remain linear.
It is well known that the modal analysis is a very effective analysis method to examine the dynamic performance of the flexure-based microgripper. For the free vibration, the first mode shape of the microgripper is along the grasping direction and the corresponding natural frequency is 426.3 Hz. Considering the significant effect of piezoelectric actuator on the dynamic performance in practical applications, a spring element with the same longitudinal stiffness as the actuator is added at the input terminal, whereas the mass of the input terminal is scaled up appropriately to compensate for the extra mass caused by the actuator. It is obvious that the natural frequency of about 2467.5 Hz for the grasping mode shape is much larger than the natural frequency without the addition of piezoelectric actuator. In addition, the above computational results all coincide with the analytical results of 392.2 Hz and 2316.1 Hz, respectively.
V. EXPERIMENTAL TESTS
Experimental tests are carried out to investigate the mechanical performance of the flexure-based microgripper. The schematic diagram of the experimental procedure is shown in (model: DWY-3, from CETC 26th Research Institute) to the piezoelectric actuator to further drive the microgripper. The displacements on the input and output terminals are recorded via an electronic length measuring instrument (model: TT 80, from Tesatronic, Inc.). For the displacement sensor, nine measuring ranges with numerical interval to 10 nm can be selected, which is sufficient for accurate data acquisition. Additionally, the case of grasping a metal wire is performed, and the grasping process is captured by a CCD camera with high pixel resolution.
The prototype of the flexure-based microgripper is fabricated from a piece of high grade aluminum alloy (AL7075-T651) using the WEDM technique with a 200 μm diameter molybdenum wire. Figure 10 Fig. 10(b) . It provides the piezoelectric actuator with the essential contact on the input terminal of the flexure-based microgripper. Furthermore, the starting clearance of the jaws can be set through the adjustable preload screw. It offers an alternative solution to grasp a large range of objects with a certain jaw displacement which is primarily restricted by the microgripper's motion capacity. The predesigned initial clearance of the jaws is 500 μm, and the close view of grasping jaws with different starting clearances is shown in Fig. 11 , which also highlights the smooth parallel motion of both jaws to some extent. In order to evaluate the grasping capacity of the flexurebased microgripper, a grasping operation for a metal wire with a diameter of 250 μm is presented. Fig. 12 provides thorough observation of the grasping process, including the nongrasping state and the grasping state. The successful grasping operation demonstrates the considerable potential of the flexure-based microgripper for the applications in handling micro-objects. After finishing the grasping operation, the jaws will return to their starting positions with the aid of external forces from flexure hinges during the retraction process of the piezoelectric actuator.
The stack piezoelectric actuator consists of many wafer elements that are assembled in series, and can be driven using voltage. However, due to the crystalline polarization effect and molecular friction, it exhibits the hysteresis behavior when the voltage signal is applied to the piezoelectric actuator. It can be experimentally verified under the open-loop control, as shown in Fig. 13 . When a 100 V voltage signal is provided to drive the piezoelectric actuator, the maximum input displacement of the flexure-based microgripper is approximately 8.62 μm. It can be seen that due to the effect of the stiffness of flexure hinges and preload force, the actual input displacement is obviously less than the nominal output displacement of the piezoelectric actuator. Thus, it makes clear that the design of flexure hinges and a suitable preload are very crucial for the development of the piezo-actuated flexurebased mechanisms.
Further, in order to quantitatively describe the hysteresis behavior of the piezoelectric actuator, the input displacement error analysis for the drive voltage is shown in Fig. 14 . It is observed that the relationship between the displacement error and drive voltage is approximately a quadratic function, and the maximum error reaches up to 1.27 μm at the voltage of 50 V. The similar phenomenon occurs at the jaw response, as shown in Figs. 15 and 16 . According to the above experimental results, it is determined that the flexure-based microgripper has a high amplification ratio of about 15.5, which exists a small discrepancy with the FEA result. The main reason for this discrepancy is attributed to the measurement errors from the contact measurement technique as shown in Fig. 10(b) . Another potential error source is associated to the manufacturing errors from the WEDM technique. However, the results are acceptable in terms of the evaluation of the microgripper performance.
In the future research work, the laser-based measurement system will be established to improve the measurement accuracy. With this non-contact measurement technique, the closed-loop control can be implemented to eliminate the hysteresis and creep behaviors of the piezoelectric actuator and to further improve the grasping accuracy of the developed microgripper.
VI. CONCLUSIONS
The design, modeling, and testing of a novel flexurebased microgripper have been presented. The configuration of two amplification mechanisms in series has proven to be effective in overcoming the limited output of flexure-based microgrippers driven by piezoelectric actuators. The combination of two modeling approaches is proposed to expedite the realization of the optimum structure. First, the PRBM approach is applied in the kinematic, static, and dynamic modeling to predict the primary behavior and response of the flexure-based microgripper using the preliminary geometrical parameters. Second, finite element analysis is conducted to further refine the geometrical parameters of particularly flexure hinges and meanwhile evaluate the validity of the established models. The prototype of the flexure-based microgripper is fabricated using the WEDM technique in order to guarantee the manufacturing accuracy. Experimental studies show that the developed microgripper can achieve a parallel grasping motion for the jaws with variable starting clearances, and has superior performance in grasping various sized objects. In addition, the microgripper has a large jaw displacement of 134 μm corresponding to the 100 V drive voltage and a large displacement amplification ratio of 15.5. All experimental results indicate that the developed microgripper has a great potential in the micro/nano scale manipulation tasks.
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